Spinel-type cobalt oxide (Co 3 O 4 ) nanoparticles have been easily prepared through a simple thermal decomposition route at low temperature (175°C) using carbonatotetra(ammine)cobalt(III) nitrate complex, [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O, as a new precursor. The structure and morphology of as-prepared Co 3 O 4 nanoparticles were characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), UV-vis spectroscopy, Brunauer-Emmett-Teller specific surface area measurement and magnetic measurements, and thermogravimetry/differential thermal analysis. The FT-IR, XRD, and EDS results indicated that the product was highly pure well-crystallized cubic phase of Co 3 O 4 . The TEM images showed that the product powder consisted of dispersive quasi-spherical particles with a narrow size distribution ranged from 6 to 16 nm and an average size around 11 nm. The magnetic measurements confirmed that the Co 3 O 4 nanoparticles show a little ferromagnetic behavior which could be attributed to the uncompensated surface spins and/or finite size effects. The ferromagnetic order of the Co 3 O 4 nanoparticles is raised with increasing the decomposition temperature. Using the present method, Co 3 O 4 nanoparticles can be produced without the need of expensive organic solvents and complicated equipments.
Background
Nanometer-scale materials with the size of 1 to 100 nm have attracted considerable interest in recent years due to the departure of properties from bulk phases arising from quantum size effects [1] . Spinel-type cobalt oxide (Co 3 O 4 ) is a technologically important material with applications in lithium ion batteries, heterogeneous catalysts, gas sensing, ceramic pigments, and electrochemical devices [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This transition metal oxide, when falling in the nanosized regime, is expected to lead to even more attractive applications in the conjunction of their traditional arena and nanotechnology.
In recent years, many efforts have been devoted to the synthesis of Co 3 O 4 nanostructures with different morphologies such as nanoparticles, hollow spheres, nanorods, nanoplates, nanowires, nanotubes, and nanocubes, and nanoporous structures have been prepared [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Among them, Co 3 O 4 nanoparticles have been prepared by various physical and chemical techniques such as combustion method, microwave irradiation, hydrothermal/solvothermal method, sol-gel process, chemical spray pyrolysis, sonochemical method, polyol method, and so on [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Most of these methods need some special instruments, harsh conditions, and relatively high processing temperature higher than 350°C. In addition, these methods are either time-consuming or require expensive instruments.
Among various soft chemical methods for preparing nanoscale materials, the thermal decomposition method is widely used due to the process simplicity [38] [39] [40] . This technique offers several unique advantages over other methods including easy work-up, low temperature processing, short reaction time, and production of inorganic nanomaterials with narrow size distribution. In recent years, several precursors have been used to synthesize Co 3 O 4 nanoparticles via the thermal decomposition technique [41] [42] [43] [44] [45] . However, the most important issue in this technique is to design a precursor which would allow the synthesis of nanomaterials at a low temperature.
In this work, we wish to describe the thermal decomposition of the carbonatotetra(ammine)cobalt(III) nitrate complex, [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O, which resulted in the synthesis of Co 3 O 4 nanoparticles at rather low temperature (175°C). The product was identified by various instrumental techniques such as X-ray diffraction (XRD), Fourier transform infrared (FT-IR), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), thermogravimetry/differential thermal analysis (TG/DTA), UV-vis spectroscopy, BrunauerEmmett-Teller (BET) surface area measurement, and magnetic measurement. This approach provides a one-step, simple, general, and inexpensive method for the preparation of the Co 3 O 4 nanoparticles.
Results and discussion
The FT-IR spectra of the [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O complex and its decomposition products at different temperatures are shown in Figure 1 . For the complex ( Figure 1, curve a) , the characteristic stretching bands of NH 3 , CO 3 , and NO 3 groups are observed at approximately 3,250 to 3,500, 1,600, and 1,350 cm −1 , respectively [46] . As shown in Figure 1 , curve b, the intensity of these bands decreases when the complex is heated at 150°C. At this temperature, there are two small absorption bands (black square) at about 663.47 and 572.82 cm −1 , providing clear evidence for the presence of the crystalline Co 3 O 4 [12] . This observation confirms that the formation of Co 3 O 4 nanocrystals begins at approximately 150°C. As can be clearly seen in Figure 1 , curve c, with increasing the decomposition temperature to 175°C, only two strong bands assigned to the Co-O stretching of the cubic Co 3 O 4 structure are observed [47] . As shown in Figure 1, Figure 2 . Figure 2a shows Figure 2c , the intensity of the characteristic peaks of the Co 3 O 4 phase increases markedly as the temperature increases to 175°C, confirming the complete formation of the Co 3 O 4 phase in good agreement with the FT-IR result. No characteristic peaks of other impurity phases have been detected, indicating that the final product is of high purity. The considerable broadening of the diffraction peaks demonstrates the nanometric character of the particles. The average size of particles prepared was estimated to be about 11.5 nm by the Debye-Scherrer equation [48] : D XRD = 0.9λ/(βcosθ) where D XRD is the average crystalline size, λ is the wavelength of CuKα, β is the full width at half maximum of the diffraction peak, and θ is the Bragg's angle. As we can see in Figure 2d Figure 3a ,b. In both cases, the TEM analysis revealed that the samples were formed from extremely fine particles with the sizes of less than 20 nm. It is evident that the particles have uniform size, a homogeneous sphere-like morphology and a narrow size distribution. From the TEM images, it could be concluded that this preparation method is appropriate to obtain the Co 3 O 4 nanoparticles with very small size. The size distribution of the Co 3 O 4 nanoparticles has also been investigated from the particles visualized under TEM analysis. The particle size histograms were determined by counting more than 100 particles in randomly selected regions on the TEM copper grid. The histograms based on TEM analysis are shown in the insets of Figure 3 . The inset of Figure 3a shows the particle size distribution of the Co 3 O 4 nanoparticles prepared at 175°C. It can be seen that the particles possess a narrow size distribution in the range of 6 to 16 nm, and the mean particle diameter is approximately 11 nm. Actually, the mean particle size determined by TEM is very close to the average particle size calculated by the Debye-Scherrer formula from the XRD pattern. The particle size distribution was also presented for the Co 3 O 4 nanoparticles prepared at 200°C in the inset of Figure 3b . The size of particles is in the range of 7 to 20 nm with an average particle size of around 13 nm. This value is slightly greater than that of the Co 3 O 4 nanoparticles prepared at 175°C probably due to the crystallite growth at the higher temperature.
The EDS analysis was employed to determine the composition of the product prepared at 175°C. As shown BET surface area measurements were also made on the Co 3 O 4 nanoparticles prepared at 175°C. Figure 5 shows N 2 adsorption-desorption which is close to type IV of the IUPAC classification with an evident hysteresis loop in the 0.5 to 1.0 range, suggesting that the sample under study is basically mesoporous. The specific surface area of the sample calculated by the BET method is 73.70 m 2 g −1 . The relatively high specific surface area of the product is related to the nanometric size of its particles. Assuming that the Co 3 O 4 nanoparticles are almost spherical, as confirmed by TEM, the surface area can be used to estimate the particle size according to the equation D BET = 6000/(ρ × S BET ), where D BET is the diameter of a spherical particle (in nm), ρ is the theoretical density of Co 3 O 4 (6.08 g cm −3 ), and S BET is the specific surface area of the Co 3 O 4 powder in meter squared per gram. The particle size calculated from the surface area data is approximately 13.4 nm, which is in good agreement with the XRD and TEM results.
Optical absorption properties of the Co 3 O 4 nanoparticles prepared at 175°C were investigated at room temperature by UV-vis spectroscopy. Figure 6 shows the absorbance spectrum of the Co 3 O 4 sample with two absorption bands in 250 to 350 and 400 to 580 nm wavelength ranges. The first band can be assigned to the O 2− → Co 2+ charge transfer process while the second one to the O 2− → Co 3+ charge transfer [49] . Co 3 O 4 is a p-type semiconductor, and the absorption band gap (E g ) can be determined by the following equation [24] : (Ahν) 2 = K (hν − E g ), where hν is the photon energy (eV), A is the absorption coefficient, K is a constant, and E g is the band gap. The band gap can be estimated by extrapolating the linear region in the plot of (Ahν) 2 versus photon energy as shown in the inset of Figure 6 . Two absorption peaks give two E g values for the product, 3.55 and 2.2 eV. As it has been reported in the literatures [50] , the E g values of Co 3 O 4 nanoparticles prepared in this study are greater than those of the bulk Co 3 O 4 (E g = 3.17 and 1.77 eV, respectively). The increase in the band gaps can be related to the quantum confinement effects and/or small size effects of the Co 3 O 4 nanoparticles [33, 50] .
The magnetic measurements for the Co 3 O 4 samples prepared at different temperatures were carried out at room temperature. As shown in Figure 7a , the magnetization curve for the Co 3 O 4 nanoparticles prepared at 175°C exhibits a weak ferromagnetic behavior with a saturation magnetization of 0.137 emu g −1 at the maximum field of 9 kOe applied while the magnetization curves for the Co 3 O 4 samples prepared at 200°C and 250°C in the same figure (Figure 7b ,c) display higher ferromagnetic properties with saturation magnetization values of 0.225 and 0.325 emu g −1 at the applied field of 9 kOe, respectively. To confirm that the ferromagnetic behavior originates from the nanoparticles, this measurement was also conducted on a bulk sample. As shown in Figure 7d , the curve exhibits an antiferromagnetic behavior. The ferromagnetic behavior of the nanoparticles can be explained as follows: bulk Co 3 O 4 has a normal spinel structure with antiferromagnetic exchange between ions which occupy the tetrahedral and octahedral sites [51] . It has zero net magnetization owing to the complete compensation of sublattice magnetizations. Hence, the change from an antiferromagnetic state for bulk Co 3 O 4 to a weakly ferromagnetic state for the Co 3 O 4 nanoparticles can be ascribed to the uncompensated surface spins and/ or finite size effects [11, 41, 52, 53] . It is well known that the magnetic properties of nanomaterials are strongly dependent on the shape and sizes of their particles, crystallinity, magnetization direction, and so on.
In order to obtain further insight into the nature of the reactions involved in the decomposition pathway of the complex, its thermal behavior was investigated by TG/DTA. Figure 8 shows TG/DTA curves recorded for [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O in the 25°C to 600°C temperature range. The TG curve shows that the decomposition of complex proceeds in three stages. The first stage occurred at about 95°C to 110°C and shows 6.68% weight loss which is consistent with the theoretical value of 6.75% caused by the loss of 1 mol of H 2 O per mole of the complex. The second stage occurs at approximately 135°C to 150°C and shows a 16.75% weight loss, which is consistent with the theoretical value of 16.50% caused by the loss of 1 mol of CO 2 per mole of the complex. In the third stage, an extensive weight loss is observed in the range of 160°C to 175°C, which related to the decomposition of the residue complex. Above 175°C, the weight remained constant, confirming the complete decomposition of the complex. The weight loss of all steps that is about 70% is consistent with the theoretical value (70.10%) calculated for the formation of Co 3 O 4 from the complex. The DTA curve for the [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O complex as shown in the inset of Figure 8 gave three characteristic peaks in consistent with TG data. The small endothermic peaks at about 100°C can be explained by freeing one H 2 O molecule. The decomposition of the dehydrated complex was confirmed by one endothermic peak at about 150°C which is immediately followed by a sharp exothermic peak at about 175°C. The endothermic peak at 150°C can be related to the decomposition of unstable bidentate carbonato ligand, and the sharp exothermic peak can be explained by the explosive decomposition of the complex via a redox process taking place between the NH 3 ligands as the reductants and NO 3 − and/or O 2 as oxidants. According to the TG/DTG data, the decomposition reactions of the complex can be written as follows:
Step 1: [Co(NH 3 ) 4 
Methods

Materials
All materials were of analytical grade and obtained from Merck Company, Merck KGaA, Darmstadt, Germany. Solvents used throughout the reactions were of high purity and used without further purification.
Synthesis of Co 3 O 4 nanoparticles
The precursor complex, [Co(NH 3 ) 4 CO 3 ]NO 3 ·H 2 O, was synthesized according to the literature method [54] . To prepare Co 3 O 4 nanoparticles, an appropriate amount of the precursor complex (1 to 2 g) was added to a porcelain crucible and then was placed in an electric furnace. The sample was heated at the rate of 10°C min from room temperature to 150°C in an air atmosphere and then was maintained at this temperature for 1 h. Similar experiments were performed for the samples decomposed in the range of 175°C to 300°C. The decomposition products of the complex at various temperatures were cooled to room temperature and collected for the characterization.
Characterization
The XRD patterns were recorded on a Rigaku D-max C III, X-ray diffractometer (Rigaku Corporation, Shibuya-ku, Japan) using Ni-filtered CuKα radiation (λ = 1.5406 Å) to determine the phases present in the decomposed samples. Infrared spectra were recorded on a Shimadzu system FT-IR 8400S spectrophotometer (Shimadzu Corporation, Kyoto, Japan) using KBr pellets. The optical absorption spectrum was recorded on a Shimadzu 1650PC UV-vis spectrophotometer in the 250 to 700 nm wavelength range at room temperature. The sample for UV-vis studies was well dispersed in distilled water to form a homogeneous suspension by sonication for 25 min. The particle size was determined by a transmission electron microscope (Philips CM10, Philips, Amsterdam, The Netherlands) equipped with a link EDS analyzer. The powders were ultrasonicated in ethanol, and a drop of the suspension was dried on a carbon-coated copper microgrid for the TEM measurements. The specific surface area of the product was measured by the BET method using an N 2 adsorption-desorption isotherm carried out at −196°C on a surface area analyzer (Micromeritics ASAP 2010, Micromeritics, Norcross, GA, USA). Before each measurement, the sample was degassed at 150°C for 2 h. Magnetic measurements were carried out at room temperature using a vibrating sample magnetometer (Meghnatis Daghigh Kavir Co. Kashan, Iran). The thermal behavior of the precursor complex was studied using a Netzsch STA 409 PC/PG thermal analyzer (Netzsch, Burlington, MA, USA) at a heating rate of 5°C min −1 in air.
Abbreviations BET: Brunauer-Emmett-Teller; EDS: energy-dispersive X-ray spectroscopy; FT-IR: Fourier transformed infrared spectroscopy; TEM: transmission electron microscopy; TG/DTA: thermogravimetry/differential thermal analysis; XRD: X-ray diffraction.
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